Low protein (LP) diet during pregnancy leads to reduced plasma insulin levels in rodents, but the underlying mechanisms remain unclear. Glucose is the primary insulin secretagogue, and enhanced glucose-stimulated insulin secretion (GSIS) in beta cells contributes to compensation for insulin resistance and maintenance of glucose homeostasis during pregnancy. In this study, we hypothesized that plasma insulin levels in pregnant rats fed LP diet are reduced due to disrupted GSIS of pancreatic islets. We first confirmed reduced plasma insulin levels, then investigated in vivo insulin secretion by glucose tolerance test and ex vivo GSIS of pancreatic islets in the presence of glucose at different doses, and KCl, glibenclamide, and L-arginine. Main findings include (1) plasma insulin levels were unaltered on day 10, but significantly reduced on days 14-22 of pregnancy in rats fed LP diet compared to those of control (CT) rats; (2) insulin sensitivity was unchanged, but glucose intolerance was more severe in pregnant rats fed LP diet; (3) GSIS in pancreatic islets was lower in LP rats compared to CT rats in the presence of glucose, KCl, and glibenclamide, and the response to L-arginine was abolished in LP rats; and (4) the total insulin content in pancreatic islets and expression of Ins2 were reduced in LP rats, but expression of Gcg was unaltered. These studies demonstrate that decreased GSIS in beta cells of LP rats contributes to reduced plasma insulin levels, which may lead to placental and fetal growth restriction and programs hypertension and other metabolic diseases in offspring.
Introduction
Normal pregnancy requires not only the status of insulin resistance to ensure glucose supply for rapid fetal growth [1] , but also enhanced insulin levels to compensate for insulin resistance [1] [2] [3] [4] . Enhanced insulin levels in circulation are achieved by increased beta cell proliferation [3, 4] and glucose-stimulated insulin secretion (GSIS) from beta cells in pregnant humans and rodents [5] . In rodents, beta cell proliferation peaks in mid-pregnancy, declines thereafter, and returns to basal levels before partum [3, 4] , while plasma insulin levels continuously increase and peak in late pregnancy [2] ; thus, beta cell insulin secretion contributes largely to fine tuning of plasma insulin levels during late pregnancy when insulin resistance is robust [2, 6, 7] .
There are a variety of regulators of insulin secretion from beta cells of pancreatic islets. Among them, glucose is a potent stimulator which has been studied extensively. Glucose stimulates insulin secretion primarily by the ATP-sensitive potassium channel (K ATP )-dependent pathway [8] . Briefly, glucose is transported into beta cells in pancreatic islets via glucose transporter 2 (Alias GLUT2; gene symbol SLC2A2) in rodents, and in addition GLUT1 (SLC2A1) in humans. Following glucose metabolism, ATP/ADP ratio is increased, which closes K ATP channels and activates a cascade of signaling, including depolarization of plasma membrane, activation of voltage-dependent calcium channels (Cav), calcium influx, and increases in cytosolic calcium concentrations, resulting in rapid insulin exocytosis [9] . According to the current consensus model [10, 11] , activities of ion channels and glucose metabolism are two major regulators of GSIS. In addition, recently K ATP -and Ca 2+ -independent GSIS has been proposed and via this mechanism, metabolic amplification factors such as ATP, GTP, glutamate, malonyl-CoA, hormones including glucagon like peptide-1 and other incretins, free fatty acids, and neuropeptides augment insulin secretion (reviewed in [10] ). To date, ex vivo insulin secretion from pancreatic islets is the main approach to study the function of beta cells, in which KCl, glibenclamide, and L-arginine have been widely applied to explore the GSIS pathway as these agents target different players in the GSIS pathway [12] . Besides glucose, many pregnancy-associated factors affect insulin release in pregnant subjects, including placental lactogen, progesterone and estrogen, and insulin resistance, which make the regulation of insulin secretion during pregnancy more complicated than nonpregnant subjects. Accumulating evidence indicates that dietary macronutrient components also affect insulin secretion during pregnancy. A low protein (LP) diet leads to reduced plasma insulin levels in pregnant rats [13] [14] [15] . Simultaneously, the LP diet during pregnancy not only causes fetal and placental growth restriction, but also predisposes hypertension, obesity, and diabetes in offspring by a process termed fetal programming [16] [17] [18] , although the underlying mechanisms have not been understood completely. Insulin is emerging as an important factor in fetal programming, due to its critical role in regulating glucose homeostasis and energy metabolism during pregnancy, and also its capability of promoting placental and fetal growth [19, 20] .
In this study, we hypothesized that plasma insulin levels in pregnant rats fed LP diet are reduced due to the disrupted glucose GSIS of pancreatic islets. We first confirmed the reduced plasma insulin levels in pregnant rats fed LP diet, and then investigated in vivo insulin secretion by glucose tolerance test (GTT), in vivo insulin sensitivity by insulin tolerance test (ITT), and ex vivo GSIS of pancreatic islets in the presence of low and high concentration of glucose, and three plasma membrane depolarization reagents, KCl, glibenclamide, and L-arginine. In addition, to clarify the role of ion channels in reduced insulin secretion, other potential regulators in insulin secretion were investigated including insulin gene expression and total insulin content in pancreatic islets.
Materials and methods

Diets and animals
The isocaloric low (6% casein) and normal (20% casein) protein diets were purchased from Harlan Teklad (Cat. TD.90016 and TD.91352, respectively, Madison, WI, USA). More information about these diets was described in detail in our recent publication [21] .
All procedures were approved by the Animal Care and Use Committee at Baylor College of Medicine and were in accordance with those published by the US National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011). Virgin female SpragueDawley rats weighing between 175 and 225 g and male rats weighing between 225 and 249 g were purchased from Harlan Laboratories (Indianapolis, IN, USA). These rats were housed in a room with a controlled light-dark cycle (light phase: 0600 to 2000 and dark phase: 2000 to 0600). Animals were allowed acclimation to our housing conditions for 1 week before breeding. Two virgin female rats and one male rat were kept in a cage overnight, and vaginal smears were checked under microscope next morning. The presence of sperm in vaginal smear indicated positive pregnancy status, and this day was designated as day 1 of pregnancy. Pregnant rats were housed individually, randomly divided into two dietary groups, and received ad libitum either control (CT) or LP diet until they were sacrificed.
Plasma insulin levels under fed status
Rats were anesthetized by carbon dioxide inhalation on day 10, 14, 18, 19, 21, or 22 of pregnancy. The whole blood was collected by left ventricle puncture using a 10-mL syringe and an 18-G needle, partially injected into BD Vacutainer blood collection tube containing heparin (Cat.367874, BD, Franklin Lakes, NJ, USA) and centrifuged at 3000 g for 15 min at 4
• C. Aliquots of plasma were stored at -80
• C until insulin and glucose analyses. Insulin concentration in the plasma was measured by ELISA, according to instructions of the assay kit (Cat. 10-1250-01, Mercodia, Uppsala, Sweden).
Intraperitoneal insulin tolerance test
On day 19 of pregnancy, rats were fasted for 6 h (6:00-12:00 pm), and then blood glucose was measured after puncturing lateral saphenous vein in the left leg (0 min). Insulin (1 U/Kg body weight; Cat. 002-8215-01, Lilly USA, LLC, Indianapolis, IN) was injected intraperitoneally (n = 5/diet group). Blood glucose was measured from lateral saphenous vein at 5, 15, 30, 60, 120, and 180 min after injection by an ACCU-CHEK Nano glucose meter with SmartView strips (Roche, Indianapolis, IN). The total area under the curve for glucose over 180 min was calculated.
Intraperitoneal glucose tolerance test
On day 19 of pregnancy, rats were fasted for 16 h (6:00 pm-10:00 pm), and then blood glucose was measured after puncturing lateral saphenous vein in the left leg (0 min). After collection of 100 μl of a blood sample at time 0 min, glucose solution (2 g glucose/kg body weight) was injected intraperitoneally (n = 5/diet group). Blood glucose levels were measured by an ACCU-CHEK Nano glucose meter with SmartView strips, immediately after puncturing lateral saphenous vein at 5, 15, 30, 60, 120, and 180 min after glucose injection, and then 100 μl of blood was collected for plasma preparation and insulin ELISA. The total area under the curve for glucose over 180 min was calculated.
Ex vivo glucose stimulated insulin secretion
On day 19 of pregnancy, pancreatic islets were isolated following collagenase digestion as described by previous reports [22] [23] [24] . Briefly, collagenase solution (0.7 mg/mL) was injected through common bile duct, and then the inflated pancreas was dissected and incubated at 37 [12] . After incubation for 30 min, SAB and islets were collected for insulin determination and DNA measurement, respectively. Insulin concentration in SAB was measured by ELISA, and total insulin secretion in each treatment was normalized to the total DNA of pancreatic islets.
Pancreatic islet insulin and DNA measurement
Total insulin content in pancreatic islets was extracted with acidethanol, as described previously [12] . Briefly, islets were sonicated in water. Aliquots of tissue lysates were mixed with 70% ethanol/0.2N HCl, incubated overnight with shaking, followed by centrifuging at 17 000 g for 30 min at 4
• C. The supernatant was neutralized with Tris buffer (0.4 M, pH 8.0), and then used for insulin ELISA. Aliquots of tissue lysates were used for DNA measurement by NanoDrop 1000 (Thermo Scientific, Wilmington, DE). Total insulin content in islets was normalized to the total DNA.
RNA extraction, RT-PCR, and quantitative real-time PCR
Total mRNAs were extracted from around 100 islets, using MiRNeasy micro kit (Cat. 217 004; Qiagen Inc., Valencia, CA), followed by DNA cleanup with RNA free DNase I (Cat. 79 254; Qiagen) and reverse transcription with miScript II RT Kit (Cat. 218 160; Qiagen). In all these procedures, manufacturers' instructions were followed. Real-time PCR detection was performed on a CFX96Real-Time PCR Detection System (Cat. 184-5096; Bio-Rad, Hercules, California). iTaq Universal Probes Supermix (Cat. 1 725 135; Bio-Rad) was used for amplification of proinsulin 2 (Ins2), glucagon (Gcg), and Actb. Sequences of primers for Ins2 and Actb were described previously [21, 25] . Sequences of primers for Gcg are 5 -CATTCACAGGGCACATTCAC-3 (Forward) and 5 -TGACGTTTGGCAATGTTGTT-3 (Reverse). The size of Gcg PCR product is 119 bp. The reaction mixture was incubated at 95
• C for 
Statistical analysis
All quantitative data were subjected to least-squares analysis of variance (ANOVA) using the general linear models procedures of the Statistical Analysis System (Version 9.4., SAS Institute, Cary, NC). Data on gene expression and abundance of proteins were analyzed for the effect of diet treatment. Data on plasma levels of insulin during pregnancy, intraperitoneal insulin and GTTs, and ex vivo insulin secretion were analyzed for the effect of diet between the two diet groups. Log transformation of variables was performed when the variance of data was not homogenous among treatment groups, as assessed by the Levene test. A P-value ≤ 0.05 was considered significant. Data were presented as least-squares means with overall standard errors (SE). The error bar represents the mean ± SEM (n = 8-10 rats/diet group). * , P < 0.05; * * , P < 0.01; * * * , P < 0.001.
Results
Plasma levels of insulin in fed status
Plasma insulin levels were significantly lower (P < 0.05) in the LP compared to the CT group during mid-late pregnancy (1.6-, 4.5-, 2.0-, 2.3-, 6.9-fold lower, on days 14, 18, 19, 21, and 22 of pregnancy, respectively), but not different on day 10 of pregnancy ( Figure  1) . Thus, the reduction of plasma insulin levels occurs in late pregnancy.
Blood glucose levels in intraperitoneal insulin tolerance test
To determine whether insulin sensitivity, one of the factors affecting plasma glucose levels is altered in LP rats, intraperitoneal ITT was conducted in both LP and CT rats on day 19 of pregnancy. Blood glucose levels were decreased (P < 0.001) in both CT and LP rats at 15 min after injection of insulin, and remained low until 180 min. However, these values were similar in CT and LP rats at all time points investigated in this study (Figure 2 ), and consequently, the area under the curve of glucose was similar in CT and LP rats (data not shown). These observations suggest that insulin sensitivity in LP rats is unaltered and is similar to that in CT rats during late pregnancy.
Blood glucose and plasma insulin levels in intraperitoneal glucose tolerance test
We assessed the ability of pregnant rats to regulate blood glucose levels following intraperitoneal glucose administration (GTT) to both LP and CT rats on day 19 of pregnancy. Blood glucose levels were increased following glucose injection in both CT and LP rats and returned to baseline levels by 120 min ( Figure 3A ) and the area under the curve of blood glucose levels was 1.43-fold higher (P < 0.05) in LP compared to CT rats ( Figure 3B ). Interestingly, blood glucose levels in LP rats were higher than CT rats up to 60 min after glucose injection [1.57-fold (P < 0.01), 1.23-fold (P < 0.05), 1.38-fold (P < 0.05), and 2.19-fold (P < 0.01) higher in LP rats at 5, 15, 30, and 60 min, respectively] ( Figure 3A ). In contrast, the increases in plasma insulin levels following glucose injections were significantly lower in LP compared to that in CT rats. The area under the curve of insulin increase was significantly lower (P < 0.05) in LP compared to CT rats ( Figure 3D ), although in both CT and LP rats these levels returned to baseline levels by 60 min after glucose injection ( Figure 3C ). Plasma insulin levels were lower in LP rats up to 30 min after glucose injection [2.89-fold (P < 0.01), 2.55-fold (P < 0.01), and 3.99-fold (P < 0.001) lower in LP rats, respectively], despite the elevated glucose levels in this period.
Insulin secretion in the presence of high and low glucose concentrations
To investigate if the sensitivity of pancreatic islets to the changes in glucose levels is altered in LP rats, we measured insulin secretion from pancreatic islets in the presence of low and high glucose concentrations which mimic the blood glucose concentration in the fasting and fed status, respectively [26] . In the presence of both 2.8 and 16.7 mM glucose concentrations, insulin secretion from isolated pancreatic islets from LP rats was significantly lower [2.33-fold (P < 0.05) and 2.70-fold (P < 0.001) lower in LP rats compared to CT rats, respectively)]. In CT rats, insulin secretion was 7.72-fold higher (P < 0.001) in the presence of 16.7 than 2.8 mM glucose. Similarly, in LP rats, insulin secretion was 6.67-fold higher (P < 0.001) in the presence of 16.7 than 2.8 mM glucose (Figure 4 ). Insulin secretion in the presence of KCl, glibenclamide, and L-Arg
To investigate the underlying mechanisms for reduced insulin secretion in pancreatic islets in LP rats, insulin secretion from islets was measured in the presence of three commonly used chemicals: KCl, glibenclamide, and L-Arg. In islets from CT rats, insulin secretion in the presence of KCl, glibenclamide, and L-Arg was increased by 4.18-fold (P < 0.001), 3.04-fold (P < 0.001), 1.71-fold (P < 0.05), respectively, compared to NONE treatment (vehicle treatment without any of the three chemicals). In islets from LP rats, insulin secretion in the presence of KCl, glibenclamide, and L-Arg was increased by 5.66-fold (P < 0.001), 2.27-fold (P < 0.001), 1.01-fold (not significant), respectively, compared to NONE treatment. Insulin secretion in islets of LP rats was 2.33-fold (P < 0.05), 1.73-fold (P < 0.05), 3.12-fold (P < 0.001), and 3.95-fold (P < 0.001) lower than that of CT rats in the presence of NONE, KCl, glibenclamide, and L-Arg, respectively ( Figure 5 ). Thus, membrane depolarization, K ATP activities, and L-Arg-related ER stress may be altered in pancreatic islets in LP rats.
Total insulin content in pancreatic islets
Total insulin content in pancreatic islets may affect insulin secretion. To determine whether reduced total insulin content also contributes to lower insulin secretion in LP rats, the total insulin content of pancreatic islets was measured and normalized to the total DNA amount. Total insulin content in pancreatic islets was 1.6-fold lower (P < 0.05) in LP compared to CT rats on day 19 of pregnancy ( Figure 6 ). This indicates that the reduced insulin content in islets may also contribute to the impaired insulin secretion.
Expression of proinsulin in pancreatic islets
Besides insulin secretion, the insulin content in pancreatic islets could be affected by insulin expression which is regulated at transcriptional, translational, and post-translational levels. We investigated whether mRNA expression of insulin (Ins) and glucagon (Gcg) is affected in LP rats. The expression of Ins2 in pancreatic islets was The error bar represents the mean ± SEM expressed as the ratio of total amount of insulin in pancreatic islets to total amount of DNAs (ng/ng; n = 4-5 rats/diet group). * , P < 0.05.
1.30-fold lower (P < 0.05) in LP compared to CT rats at day 19 of pregnancy ( Figure 7A ), indicating that insulin expression levels in beta cells are also altered by the LP diet in late pregnancy. In contrast, expression of Gcg was unaltered in LP rats ( Figure 7B ), indicating that the effect of LP diet on Ins expression in beta cells does not occur to Gcg expression in alpha cells.
Discussion
In normal pregnancy, enhanced plasma insulin levels are not only required to compensate for insulin resistance [1] [2] [3] [4] , but also contribute to placental and fetal growth [19, 20] . However, pregnant rats fed low protein diet, a widely accepted model for studies on fetal programming of hypertension and diabetes [27] , demonstrate reduced plasma insulin levels [13] [14] [15] . The current study confirmed significantly reduced plasma insulin levels in pregnant rats fed LP diet during mid and late pregnancy ( Figure 1 ) and for the first time, to our knowledge, found the enhanced glucose intolerance ( Figure 3 ) and the reduced GSIS from pancreatic islets in pregnant rats fed LP diet ( Figure 4 ). More importantly, this study revealed that impaired K ATP channel activities in pancreatic islets ( Figure 5 ) and reduced insulin gene expression ( Figures 6 and 7) contributed to the reduced insulin secretion from pancreatic islets. As a consequence to the reduced insulin secretion, glucose metabolism is impaired in addition to fetal and placental growth restriction [28] [29] [30] [31] , in pregnant rats fed LP diet. Thus, this study sheds a new light on the research of fetal programming in response to gestational protein insufficiency. Low protein diet causes the reduced plasma insulin levels during mid-late pregnancy. The reduced plasma insulin levels during late pregnancy in response to LP diet have been reported by others [13] [14] [15] . It is noteworthy that previous studies focused on rats not later than day 15 of pregnancy when insulin resistance has not occurred [15] . In this study, the unaltered plasma insulin levels in LP rats on day 10 of pregnancy but reduced values during mid and late pregnancy (Figure 1) indicates that some factors related to the progression of pregnancy that regulates insulin secretion are yet to be defined. For instance, our previous studies showed that the diet intake demonstrates biphasic changes with the progression of pregnancy, with greater in early pregnancy, but less diet intake in late pregnancy in LP compared to control rats and that the body weight gain was similar in early pregnancy between these two groups, but it was less in mid and late pregnancy in LP compared to CT groups [21, 25] . However, how the changes in diet intake and body compositions in pregnant rats in response to the LP diet affect insulin secretion remains unclear. In addition, the control and LP diet in our studies are isocaloric and reduced protein components are compensated with excess sucrose; thus, the higher contents of sucrose may contribute to insulin resistance as shown in literature [32, 33] . Intriguingly, the effect of excess sucrose in LP diet on insulin resistance is not revealed by unaltered insulin sensitivity in LP rats in this study (Figure 2) . Impaired insulin secretion causes the reduced plasma insulin levels in pregnant rats fed LP diet during late pregnancy. This causal relationship is supported by both in vivo and ex vivo experiments in this study. In GTT, both blood glucose levels and area under the curve of glucose were higher in LP rats compared to CT rats (Figure 3 ). More remarkably, at 60 min after glucose injection, plasma insulin levels are similar in CT and LP rats, but plasma glucose levels were still 2.19-fold higher in LP rats. These results clearly demonstrated more severe glucose intolerance in LP than CT rats which develop glucose intolerance naturally after day 15 of pregnancy [2] . Moreover, the enhanced glucose intolerance is due to the reduced insulin secretion, but not impaired insulin sensitivity, because in ITT, blood glucose levels were similar in CT and LP groups at all time points after administration of insulin (Figure 2) , suggesting that insulin sensitivity in LP rats is similar to that in CT rats during late pregnancy. In ex vivo GSIS of pancreatic islets, in the presence of both low and high glucose, islets of LP rats release less amount of insulin than those of CT rats (Figure 4) , consistent with other studies [15] . The lower GSIS in the presence of low glucose in LP rats is parallel with the lower plasma insulin levels in the fed status, investigated during 8-10 am on different days of pregnancy in this study (Figure 1 ). It is noteworthy that another study demonstrated reduced GSIS in LP rats in response to higher dose of glucose but not lower dose [34] ; however, this previous study was conducted on day 15 of pregnancy and diet contents and secreted insulin experiment were different from ours, and therefore a direct comparison between this previous study and ours is not possible. In addition, it is noteworthy that ITT was done after 6-h fasting, so the basal glucose levels were lower than the fed status. ITT in this study only reflects the capacity of insulin in handling lower blood glucose, but not high blood glucose situations. Taken together, the reduction of plasma insulin levels is mainly attributed to impaired insulin secretion in rats fed LP diet during late pregnancy, although reduced diet intake may affect postprandial plasma insulin levels [21] .
This study for the first time, to our knowledge, explored the underlying mechanisms of reduced GSIS in pregnant rats fed LP diet. According to the current consensus model on GSIS [10, 11] , glucose metabolism and activities of ion channels in beta cells are two key regulators in GSIS. In this study, we did not study glucose metabolism in beta cells, but mainly investigated potential changes in ion channels (primarily K ATP ) in beta cells by applying three chemicals, KCl, glibenclamide, and L-Arg, in GSIS. These three chemicals target on different players in GSIS, which have been widely used to study the GSIS pathway [12] . High dose of extracellular KCl depolarizes plasma membrane of beta cell via various potassium channels, and activates voltage-dependent calcium channels (Cav). Glibenclamide binds to sulfonylurea receptor, a subunit of K ATP channel [35] , leading to closure of K ATP and depolarization of plasma membrane [36] . The mechanism of arginine-induced insulin release remains unclear Figure 8 . Schematic model of reduced GSIS pancreatic beta cells in pregnant rats fed the low protein diet. GSIS via the classical KATP channel-dependent pathway has been measured in pancreatic islets from CT and LP rats in late pregnancy. In both CT and LP rats, high extracellular K + causes plasma membrane depolarization and glibenclamide specifically blocks the activities of KATP channel via ABCC8, but insulin secretion was lower in LP rats. Extracellular L-arginine increases insulin secretion via stimulating plasma membrane depolarization in CT rats, but not LP rats. Therefore, the reduced insulin secretion in LP rats could be attributed to disrupted KATP channel activities and perhaps other downstream events in GSIS following plasma membrane depolarization (indicated by bold minus signs). Other KATP channel-independent GSIS pathways were not investigated in this animal model. to date, although plasma membrane depolarization [37] and the involvement of the cAMP pathway [38] and G αi2 [39] have been suggested. The responsiveness of pancreatic islets to KCl was lower in LP rats compared to control rats ( Figure 5 ), suggesting the blunt depolarization of plasma membrane and/or disruption of following events in beta cells, while the reduced responsiveness to glibenclamide specifically suggested the disrupted activity of K ATP channels in LP rats ( Figure 5 ). In addition to K ATP , other K + channels may be also altered in beta cells of LP rats. The outward of potassium mainly via Kv2.1 attenuates membrane excitability and consequently suppresses calcium influx and insulin release [40] . Kv2.1 is the major Kv channel subtype present in beta cells and contributes up to 85% of the total Kv current [41, 42] . More importantly, unlike K ATP , Kv2.1 expression and currents could be modulated by glucose in a dosedependent manner [43] , and also by other factors such as ghrelin [44] . To support this, plasma ghrelin levels was significantly elevated in LP rats [21] . More intriguingly, pancreatic islets of LP rats did not respond to extracellular L-Arg, but islets of CT rats did. Recently, a novel mechanism mediated by endoplasmic reticulum (ER) has been proposed, in which insulin release from ER is achieved by arginine target factors, functional complexes located on ER [45] . Another recent study found that arginine stimulates ER stress in isolated pancreatic islet [46] . Thus, in pregnant rats fed LP diet, arginine-induced ER stress may not only impair insulin secretion in a short term, but also affect insulin translation and post-translational modification in a long term as these procedures occur in ER. Synergistically with the reduced insulin transcription (Figure 7 ), ER stress may cause the reduced total content of insulin in pancreatic islets in LP rats ( Figure 6 ). In addition, although the fold changes (7.72 in control rats; 6.67 in LP rats) of secreted insulin in response to low and high concentration of glucose seem similar between control and LP groups (Figure 4) , the different fold changes in the amount of secreted insulin in response to the three chemicals, more obviously the nonresponse of pancreatic islets in LP rats to L-Arg ( Figure 5 ), support that the decreased secretion in LP rat is mechanistic. This study aimed to investigate whether insulin secretion is reduced in pancreatic islets of pregnant rats fed the LP diet and to exploring whether the classical GSIS pathway is interrupted in pancreatic islets of LP rats and thus, reducing insulin secretion. Our data are supportive for proving our hypothesis; however, cautions should be taken when interpreting them. First, we explored primarily K ATP activity in this study, but calcium channel, calcium influx, glucose transport, and metabolism in the K ATP -dependent GSIS pathway were not included, so it was with other recently proposed mechanisms such as K ATP and calcium channel-independent GSIS [10] . All these players or events in GSIS warrant to be screened in future studies in order to find potential interventions. Second, we could not report the physiological blood glucose levels in pregnant rats in fed status because many factor could affect blood glucose measurement [47] . Instead of seeking correlation between blood glucose and insulin levels, glucose clamp techniques, the golden standard for measuring insulin secretion and resistance, will be applied in future studies. Third, we did not address whether the reduced insulin content in beta cells of LP rats affect insulin secretion. The decreased insulin content in LP islets may be due to the reduced expression of Ins (Figure 6 ), and unaltered expression of Gcg in LP islets may indicate that the effects of LP diet are specific for beta cells (Figure 7) . Fourth, our data do not reveal which factors in the LP diet fed animals will lead to the reduced insulin secretion, because the increased sucrose content in LP diet, increased non-essential amino acids in the plasma, altered diet intake, and body composition in dams may play a role in insulin resistance and glucose intolerance.
It is noteworthy that fetal growth is restricted in pregnant rats fed LP diet [19, 20] , despite more severe glucose intolerance. In contrast, gestational diabetes in humans often results in fetal macrosomia. This discrepancy may be due to species differences. Adipose tissue development and associated fat accumulation occur postnatally in rodents but prenatally in humans; therefore, many nutritional manipulations during pregnancy failed to generate fetal macrosomia in rodents [48] . More importantly, insulin acts as a growth factor for placental and fetal growth by stimulating the mTOR signaling pathway [19, 20] ; therefore, reduced insulin levels may be responsible for impaired mTOR signaling (downstream effector of insulin activity) and macronutrient (glucose and amino acids) transport in placentas in pregnant rats fed LP diet [30, 49, 50] . In addition, fetal growth restriction is also associated with glucose intolerance in the adult offspring of LP dams [51] [52] [53] [54] ; thus, the reduced maternal insulin levels may play an important role in the programming of diabetes in offspring.
In summary, decreased GSIS of pancreatic islets in pregnant rats fed LP diet is responsible for the reduced plasma insulin levels and consequently enhanced glucose intolerance, while reduced insulin gene expression in LP rats is also involved in impaired insulin secretion. The disrupted K ATP channels and/or perhaps events following plasma membrane depolarization in GSIS contribute to the reduced GSIS in pregnant rats fed the low protein diet and are schematically shown in Figure 8 . Based on these findings, we propose that the reduced insulin availability in pregnant rats fed LP diet may be one of maternal mechanisms for restricted placental and fetal growth and associated fetal developmental programming, and this hypothesis will be tested in future studies.
